I. INTRODUCTION
Many device geometries require the growth of highquality films. However, kinetic effects may induce a substantial roughness depending on the material, the substrate, and the deposition conditions. Deviations of surfaces/interfaces from flatness, as well as the presence of material defects ͑e.g., dislocations, impurities, etc.͒ may alter the operation characteristics of microelectronic devices. 1, 2 For example, the presence of a rough metal/insulator interface was shown to influence the field breakdown mechanism, 3 as well as the capacitance and leakage currents in thin-film capacitors. 4 Random rough surfaces have been shown to affect the image potential of a charge situated in the vicinity of the vacuum/ dielectric interface. 5 Such roughness effects could have a strong influence on inversion layers at the semiconductor/ oxide interface, because they cause a shift of electronic levels 5 and, consequently, alter the device operation. In addition, surface/interface roughness has been shown to influence strongly the electrical conductivity of semiconducting and metallic thin films. 6 In contrast to electric transport properties, only a small amount of progress has been achieved for roughness effects on thermal transport properties in thin films. Indeed, the topic of thermal management issues in electronic and optical devices has been a topic of intense research in recent years. [7] [8] [9] [10] For example, the lifetime of metallic interconnects in integrated circuits depends strongly on the operating temperature because the resistive heating increases their temperature. In photothermal analyses, 11 Au films are deposited on dielectric substrates for heat adsorption because their properties are necessary for deducing the thermal properties of the dielectric film. It appears that the thermal conductivity of thin films ͑thickness h 0 Ͻ1000 nm͒ is less than its bulk value due to surface and grain-boundary scattering mechanisms. 11, 12 Although much work has been concentrated on the effect of film thickness on thermal conductivity, only recently the effect of surface roughness and film microstructure was investigated in order to understand the thermal conductivity results. 7 It was found that roughness development yielded a lower thermal conductivity, with the film texture also playing a significant role. 7 Furthermore, during epitaxial growth of thin films the growth front can be rough in the sense that multilayer step structures are formed. 13, 14 In this case, the existence of an asymmetric step-edge diffusion barrier ͑Schwoebel barrier͒ inhibits the down-hill diffusion of incoming atoms, leading effectively to the creation of multilayer step structures in the form of mounds ͑unstable growth͒. 13, 14 So far, a theoretical investigation of the mound surface roughness, and more general thin-film growth mechanisms, on thermal properties remains widely unexplored, and will be the topic of the present work.
II. THERMAL FIELD AND CAPACITY CALCULATION FOR A FILM WITH A SINGLE ROUGH BOUNDARY

A. Thermal field calculation
Consider a film with its rough surface at temperature T 2 and its smooth one ͑film/substrate interface͒ at temperature T 1 , as is shown in Fig. 1 . In order to calculate the temperature distribution under steady heat flow conditions (‫ץ‬T/‫ץ‬t ϭ0), one needs to solve the Laplace equation 1 for film thickness varying between zϭ0 and zϭ f (x,y):
and boundary conditions T͑x,y,zϭ0 ͒ϭT 1 ∧T͓x,y,zϭ f ͑ x,y ͔͒ϭT 2 , ͑2͒
where T (x,y,z) is the temperature distribution, and z ϭ f (x,y) is the rough film surface. Assuming f (x,y)ϭh 0 ϩh(x,y), we can apply a perturbation theory to solve Eq. ͑1͒ by expanding Eq. ͑2͒ and T (x,y,z) in Taylor series of the form a͒ Author to whom correspondence should be addressed; electronic mail: g.palasantzas@phys.rug.nl
For the zero-order term T (0) (x,y,z), the boundary conditions
. For first-and secondorder terms T (n) (x,y,z)(nу1) we have, respectively,
Further, the Fourier transform technique is employed to solve the Laplace equations ٌ 2 T (n) (x,y,z)ϭ0 (nу1), which are obtained by substituting Eq. ͑4͒ into Eq. ͑1͒. Setting ϭ1 in Eq. ͑4͒ and using Eqs. ͑A3͒-͑A4͒ from the Appendix, we obtain
B. Thermal capacitance calculation
The specific thermal capacitance ͑for constant volume͒ ''c'' is given by the energy balance equation
with n ϭ(ٌhϪẑ )/͓1ϩ(ٌh) 2 ͔ 1/2 the unit vector normal to the surface, K thc the thermal conductivity, dS ϭͱ1ϩ(ٌh) 2 d 2 the differential area, t the time that the heat flux is passing through the film, and V the film volume. Note that ϪٌT represents the thermal field that drives heat flow, and K thc (ϪٌT•n ) the heat density on the rough film surface.
Assuming statistically stationary surfaces up to the second order ͑translation invariant͒, the average over possible roughness configurations can be expressed as ͗h (k)h (kЈ)͘ ϭ͓ (2) 4 /A͔͉͗h (k)͉ 2 ͘␦(kϩkЈ), where A is the average flat macroscopic surface area. For small surface roughness or
, we obtain from Eqs. ͑8͒ and ͑7͒, and taking into account ͗h (k)͘ϭ0, the average thermal capacitance
where
with K c ϭ/a 0 and a 0 a lower roughness cutoff of the order of the atomic spacing, and film volume VϷAh 0 .
III. MOUND ROUGH MORPHOLOGY
Mound rough surfaces have been described in the past by the interface width w; the system correlation length , which defines the randomness of the mound distribution on the surface; and the average mound separation .
14 Such a rough morphology can be described by the height-height correlation function 
with h(k) the Fourier transform of h(r). J 0 (x) and I 0 (x) are, respectively, the Bessel and modified Bessel function of the first kind and zero order. If у, the surface is characteristic of that caused by Schwoebel barrier effects. 14 Note that the correlation function C(r) of the mound roughness has an oscillatory behavior for у, which leads to a characteristic satellite ring at kϭ2/ of the power spectrum ͉͗h(k)͉ 2 ͘. 
IV. THERMAL CAPACITANCE DEPENDENCE ON MOUND ROUGHNESS
Our calculations have been performed for small roughness (ٌ͉h͉Ͻ1) or alternatively small rms local surface slopes rms ϭٌ͉͗h͉ 2 ͘ 1/2 Ͻ1, and small rms roughness amplitudes wӶh 0 . Figure 2 shows the dependence of the local surface slope as a function of the average mound separation for various system correlation lengths . The local surface slope is given by rms ϭ͕͓(2)
, which is essentially proportional to the second term in Eq. ͑10͒. For system correlation lengths Ͼ, the local surface slope decays in an oscillatory fashion as increases ͑or the ratio w/ decreases leading to surface smoothing͒. On the other hand for Ͻ, the local slope decays exponentially as the surface smoothens or w/ decreases.
Since ͉͗h(k)͉ 2 ͘ϰw 2 , the thermal capacitance will have a simple dependence on the roughness amplitude w, while any complex dependence will arise as a function of the lateral length scales and through the factor M (h 0 ). Figure 3 shows the dependence of the thermal capacitance ratio ͗c͘/c 0 as a function of the average mound separation . At any rate, ͗c͘уc 0 , or in other words, the presence of roughness increases the thermal capacitance.
Upon increasing ͑or decreasing w/͒, i.e., surface smoothening at larger wavelengths, ͗c͘ approaches the thermal capacitance c 0 characteristic for a film with a flat surface. However, for large system correlation lengths such that Ͼ, significant increments of ͗c͘ develop, approaching finally c 0 for large mound separations ͑Ͼ͒. Such an effect is special for mound roughness, while for any other type of roughness, such as Gaussian or self-affine fractal roughness, a smooth approach to the thermal capacitance for films with flat boundaries will eventually occur ͑similarly to the case of ӷ͒. Such an effect reflects the oscillatory behavior of the height-height correlation function for mound roughness that takes place for Ͼ. 14 Finally, the thermal capacitance shows a complex behavior as a function of the system correlation length ͑Fig. 4͒, i.e., with a smooth decrement towards it value for films with flat boundaries as long as is small ͑Ͻ͒. For intermediate values of the average mound separation a complex behavior develops, as is displayed in Fig. 4 .
Note that if in Eq. ͑10͒ the integration is extended to infinity (K c ,K c ӷ1), we obtain a simpler thermal capacity expression
with the third term in the parenthesis of Eq. ͑12͒ becoming insignificant with increasing film thickness h 0 . Finally, we will investigate roughness effects on the thermal capacitance as a function of the film thickness. Figure 5 shows the dependence of ͗c͘/c 0 on film thickness h 0 . The ratio ͗c͘/c 0 decreases drastically for small system correlation lengths ͑Ͻ͒, which can be understood from Eq. ͑12͒ due to its Gaussian dependence on the ratio /. A more precise determination of the film thickness effect needs a more precise knowledge of the dependence of the roughness parameters (w,,) on film thickness. For example, the average mound separation has been shown to evolve with film thickness ͑or growth time for fixed deposition rate͒ as ϰh 0 ␤ ͑0.16р␤р0.26͒, 13 and the rms roughness amplitude as wϰh 0 ␤Ј ͑␤ЈϽ1͒.
14 As an example, we consider in Fig. 6 the thickness dependence of the ratio ͗c͘/c 0 for growth with roughness parameters evolving with a film thickness h 0 as wϭ1.0(h/10) 0.24 (nm), ϭ10(h/10) ␤ (nm), and ϭ20(h/10) ␤ (nm). As Fig. 6 indicates, different growth exponents ␤ have a strong contribution on the thermal capacitance ratio ͗c͘/c 0 as a function of the film thickness h 0 .
For the actual dependence of the average thermal capacitance ͗c͘ on thickness, one has also to consider the thickness dependence of the thermal conductivity K the . Indeed, for sufficiently thick films this is given by K thc ϭK bulk /͓1 ϩ(3L/8h 0 )ϩ(7G/5)͔, 7, 12 with K bulk the bulk thermal conductivity, L the electron mean-free path ͓i.e., Lϳ41 nm for Au ͑Ref. 7͔͒, and Gϭ(L/h 0 )͓R/(1ϪR)͔ with R the electron reflection coefficient due to scattering at grain boundaries for the more general case of polycrystalline films. This equation for K the is valid if GϽ10 and L/h 0 Ͼ0.1, 7 and incorporates both surface and grain-boundary electron scattering in a quasiclassical sense. Its derivation is based on the electrical conductivity via the use of the Wiedemann-Franz law ͑assum-ing that electrons serve both as electrical and thermal carriers with phonons having a negligible effect on the thermal conductivity of metals 7 ͒. Such a law was discovered initially for bulk materials, and has been proven to be valid also for thin films. 10 In contrast, for ultrathin films (h 0 Ͻ10 nm) one has to consider quantum size effect contributions to the thermal conductivity.
6
V. CONCLUSIONS
In summary, we investigated the effect of roughness on the thermal capacitance of thin films with one smooth boundary and the other rather rough at a nanometer-length scale. Qualitatively, similar results would be expected for films with double rough boundaries, as well as for other geometries. It is found that the roughness may cause a strong increase of the thermal capacitance. For mound rough surfaces such an increase strongly depends on the relative magnitude of the average mound separation and the system correlation length . Indeed, complex behavior develops for Ͼ, while a smooth decrease of the thermal capacitance as a function of occurs for Ͻ ͑Gaussian-type behavior of boundary roughness͒. Finally, as a function of film thickness the thermal capacitance decreases with roughness, contributing significantly to small film thickness as long as Ͻ. At any rate, a precise determination of the actual effect will require a detailed knowledge of the thickness dependence of the roughness parameters during film growth.
͑A3͒
Similarly, for the second-order perturbation we obtain ⌽ 
